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The vacuum–ultraviolet ~VUV! absorption and fluorescence spectroscopy of CF2X2 (X5H, Cl, Br)
in the range 190–690 nm is reported. Tunable vacuum–UV radiation in the range 8–22 eV from
synchrotron sources at either Daresbury, U.K. or BESSY1, Germany is used to excite the titled
molecules. Fluorescence excitation spectra, with undispersed detection of the fluorescence, were
recorded at Daresbury with a resolution of 0.1 nm. VUV absorption spectra at a resolution of 0.08
nm, and dispersed emission spectra with an optical resolution of 8 nm were recorded at BESSY1.
Action spectra, in which the VUV energy is scanned with detection of the fluorescence at a specific
wavelength, were also recorded at BESSY1 with a resolution of 0.3 nm; appearance energies for
production of a particular emitting state of a fragment are then obtained. Using the single-bunch
mode of BESSY1, lifetimes of all emitting states that fall in the range ;3–80 ns have been
measured. The peaks in the VUV absorption spectra of CF2X2 are assigned to Rydberg transitions.
For CF2H2 below 11 eV, there is good agreement between the absorption and the fluorescence
excitation spectra, whereas above 11 eV and for the whole range 8–22 eV for CF2Cl2 and CF2Br2
there is little similarity. This suggests that photodissociation to emitting states of fragment species
represent minor channels. In the range 8–15 eV, emission is due mainly to CF2 A˜ 1B1 – X˜ 1A1 and
weakly to CFX A˜ 1A92X˜ 1A8. These products form by photodissociation of Rydberg states of
CF2X2, and the thresholds for their production, therefore, relate to energies of the Rydberg states of
the parent molecule. For CF2H2 below 11.18 eV CF2 A˜ 1B1 can only form with H2, whereas for
CF2Cl2 and CF2Br2 it is not possible to say whether the other products are 2X or X2. For energies
above ;15 eV, emission is due to diatomic fragments; CF B 2D and A 2S1, CCl A 2D , CH B 2S2
and A 2D , Cl2 and Br2 D8 2 3Pg , and possibly CBr A 2D . From their appearance energies, there is
evidence that with the exception of CF B 2D/CF2H2 where the ground state of HF must form, the
excited state of CF, CCl, or CH forms in association with three atoms. Our results yield no
information whether the three bonds in CF2X2* break simultaneously or sequentially. We suggest
that the anomalous behavior of CF2H2, in forming H–H or H–F bonds in unimolecular
photofragmentation processes, relates to the small size of the hydrogen atom, and hence, the
unimportance of steric effects in the tightly constrained transition state. In no cases is emission
observed from excited states of either the CF2X free radical or the parent molecular ion, CF2X21.
© 2001 American Institute of Physics. @DOI: 10.1063/1.1344888#I. INTRODUCTION
In a previous paper,1 a comprehensive study of the
vacuum–ultraviolet ~VUV! fluorescence spectroscopy of
CCl3F, CCl3H, and CCl3Br in the range 8–30 eV was pre-
sented. VUV photoexcitation of the molecules was followed
by the observation of the dispersed fluorescence spectra in
the UV/visible. In this paper, we extend this work on halo-
substituted methanes to the three CF2-containing com-
pounds: CF2H2, CF2Cl2, and CF2Br2. Many groups have
a!Present Address: Physics Department, The University, Newcastle-upon-
Tyne, NE1 7RU, U.K.
b!Author to whom correspondence should be addressed; electronic
mail: r.p.tuckett@bham.ac.uk4050021-9606/2001/114(9)/4058/16/$18.00
Downloaded 20 Feb 2001 to 147.188.104.4. Redistribution subjecmeasured optical emission spectra from these molecules in
an attempt to diagnose the emitters produced following VUV
excitation. The excitation sources employed have been an
ArF laser operating in the multiphoton mode,2 high-energy
electrons,3–12 fixed-energy gaseous lamps,13 microwave
discharges,14 and rare-gas metastables.15 Despite the many
advantages of using tunable VUV photons from a synchro-
tron radiation ~SR! source for such studies,1 only one such
study, on CF2Cl2, has been reported.16 For the work pre-
sented here, SR from both the Daresbury Laboratory, U.K.
and BESSY1, Germany sources is used to perform compli-
mentary fluorescence experiments. These facilities provide
continuous radiation in the range 8–30 eV at an operating
resolution of 0.1–0.3 nm. Both the VUV excitation energy8 © 2001 American Institute of Physics
t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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fined, providing a flexibility that is usually not available with
other sources.
Experiments performed on the CF3X (X5F, H, Cl, Br)
~Ref. 17! and CCl3X (X5F, H, Br) ~Ref. 1! series showed
that these two sets of molecules exhibit different behavior
following VUV photoexcitation. In CF3X, emission was ob-
served from the parent ion and the tetra-atomic radical CF3,
whereas no such evidence was found for the analogous emit-
ters in CCl3X. By contrast, emission was observed from the
same valence states of CF2, CCl2, CF, and CCl. It is, there-
fore, of considerable interest to discover what fragments are
formed following photoexcitation of the lower-symmetry
CF2X2 molecules, in particular, CF2Cl2. In the CCl3X study,1
there were considerable difficulties in assigning transitions
observed in the fluorescence excitation spectra. This was due
to the low resolution of the spectra, and to the fact that only
the Rydberg states of CCl3X which dissociate to fluorescing
fragments were detected. For the CF2X2 series of molecules,
therefore, in addition to the fluorescence experiments, win-
dowless VUV absorption spectra at an improved resolution
of 0.08 nm were recorded at BESSY1. Absorption spectra
are considerably easier to assign, and comparison of the two
experiments has the potential to reveal quantitative informa-
tion on the branching ratio to the fluorescing fragments. In
some circumstances, information about the dissociation dy-
namics may also be deduced.
II. EXPERIMENT
Complimentary fluorescence experiments are performed
at the synchrotron radiation sources at Daresbury and
BESSY1. At Daresbury, the fluorescence chamber, an evacu-
ated stainless-steel cube (side515 cm), is attached to the
storage ring of the synchrotron via a 5 m McPherson normal-
incidence monochromator ~operating resolution
50.05– 0.10 nm!. Gas is admitted into the chamber through
a hyperdermic needle whose tip is located ;3 mm above the
interaction region. Typical operating pressures are 5
31024 – 231023 Torr compared with a base pressure of 1
31027 Torr. The UV/visible fluorescence resulting from in-
teraction of the VUV photon radiation with the gas mol-
ecules is focused by an aluminum-coated spherical concave
mirror through a quartz window and detected by a photon-
counting photomultiplier tube ~PMT!, range ;190–650 nm.
The range of wavelengths that can be detected may be con-
trolled by an optical filter located between the quartz window
and the PMT. The directions of the VUV photon beam, the
gas flow, and the fluorescence detection are mutually or-
thogonal. This experiment enables the measurement of a
fluorescence excitation spectrum, the detection of fluores-
cence intensity as a function of excitation energy. The VUV
photon flux is measured via the visible fluorescence from a
sodium salicylate window located behind the interaction re-
gion. This enables in situ flux normalization of the spectra.
Data acquisition and scanning of the monochromator are
controlled by a dedicated personal computer ~PC! interacting
with CAMAC electronics.
At BESSY1, the fluorescence chamber, a brass cube of
side 5 cm, is attached to the storage ring of the synchrotronDownloaded 20 Feb 2001 to 147.188.104.4. Redistribution subjecvia a 1.5 m McPherson normal-incidence monochromator
~operating resolution50.3 nm for fluorescence measure-
ments! and two stages of differential pumping. Sample gas is
admitted directly into the fluorescence chamber using a high-
precision-needle valve. Typical operating pressures are in the
range 531023 – 131022 mbar. The interaction region is lo-
cated at the center of the brass cube. The resulting fluores-
cence is dispersed by a 20 cm focal length Jobin Yvon
H20VIS visible–ultraviolet monochromator ~recipricol
dispersion54 nm mm21!. This ‘‘secondary’’ monochro-
mator has a 2 mm exit slit and no entrance slit, yielding an
effective spectral resolution of 8 nm. The range of wave-
lengths that can be detected is ;190–690 nm. The fluores-
cence is detected by a red-sensitive Hamamtsu R6060 PMT
(risetime51.5 ns) cooled to 280 K. Data acquisition and
scanning of the two monochromators are controlled by a
dedicated PC interacting with purpose-built electronics. In
the multibunch ~pseudo-continuous! mode of the synchro-
tron, three experiments are performed. First, fluorescence ex-
citation spectra are obtained by setting the secondary mono-
chromator to zero order and scanning the energy E1 of the
primary VUV monochromator. Second, E1 is fixed and the
wavelength of emission l2 is scanned to yield a dispersed
fluorescence spectrum. Third, l2 is set to isolate one emis-
sion band so, by scanning E1 , an action spectrum is obtained
from which an appearance energy associated with a particu-
lar excited fragment may be determined. Comparison with
thermochemistry may then yield important information re-
garding the identity of the dominant dissociation channel.
Unlike experiments at Daresbury, it is not possible to moni-
tor the VUV photon flux directly during a measurement. In-
stead, a separate experiment must be performed where a flux
curve is measured using the fluorescence from a sodium sali-
cylate window. These data are then employed, retrospec-
tively, to flux normalize the action and fluorescence excita-
tion spectra. No attempt is made to normalize the dispersed
fluorescence spectra to the variation in sensitivity of the sec-
ondary monochromator with wavelength. The single-bunch
mode at BESSY1 can be used to measure fluorescence
lifetimes.1 In this mode where the molecules are excited only
every 208 ns, time-resolved fluorescence measurements may
be made. The real-time fluorescence decays are analyzed by
a nonlinear least-squares-fitting program, FLUORX
–
ERR,18
and lifetimes of emitting states are determined. The lifetimes
that can be measured are limited to the range ;3–80 ns by
the response time of the PMT and the repetition rate of the
pulsed excitation source.
VUV absorption spectra were also recorded at BESSY1.
The absorption cell is attached to the exit slit of the 1.5 m
McPherson normal-incidence monochromator ~resolution
now improved to 0.08 nm! via two stages of differential
pumping. The absorption cell has a path length of 30 cm, and
is linked to the final stage of differential pumping by a col-
limated mesh.19 Gas is admitted directly into the cell using a
high-precision-needle valve. Operating pressures depend on
the magnitude of the absorption cross sections being mea-
sured, typical values being in the range 20–60 mbar. The
VUV flux at the end of the cell is measured by a photon-
counting EMI 9789B PMT via the visible fluorescence of at to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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the optical path length are known, measurement of the ratio
of transmission functions observed for background ~no gas!
and sample spectra ~with gas! can yield, via the Beer–
Lambert law, absolute absorption cross sections. In the cal-
culation of I0 /I at every value of E1 , allowance is made for
the ~natural! decay of the VUV flux over the time of an
experiment. We estimate that our cross sections are accurate
to ;15%.
III. ENERGETICS OF THE KEY DISSOCIATION
CHANNELS
As the emitters from VUV-excited CF2X2 are predicted
to be either excited states of the parent ion or neutral frag-
ments produced by photodissociation, thermochemical
evaluation of dissociation channels and experimental deter-
mination of ionization energies are of considerable impor-
tance in analyzing the data. Many groups have measured He
I and He II photoelectron spectra.20–28 Selected values are
listed in Table I. The energies of the key dissociation chan-
nels of CF2X2 (X5H, Cl, Br) are also listed in Table I. The
ground-state energies were generally calculated from enthal-
pies of formation at 0 K given in the JANAF tables.29 Where
values were not available, data at 298 K from Lias et al.30
were used. The enthalpies of formation for CFBr and CF2Br
are not available, hence, energies for the dissociation chan-
nels involving these fragments are unknown. The energies of
the excited states of most of the emitting fragments were
taken from standard sources.31,32 The energies of the D8 3Pg
ion-pair state of Cl2 and Br2 were taken from Tellinghuisen
and co-workers.33
IV. RESULTS
A. CF2H2
The absorption spectrum of CF2H2 was recorded
at BESSY1 from 8 to 21 eV at a resolution of 0.08
nm ~Fig. 1, upper spectrum!. In C2v symmetry, the
electronic configuration of the outervalence molecular
orbitals of the parent molecule is:
(2a1 )2 (1b2 )2 (3a1 )2 (2b1 )2 (1a2 )2 (4a1 )2 (3b1)2 (2b2 )2,23
where the numbering scheme does not include core orbitals.
Absorption spectra have been measured before,21,34–36 with
absolute values of the cross sections first being determined to
an accuracy of ;25% by Edwards and Raymonda for exci-
tation energies below 11.40 eV.36 Their values are in good
agreement to those presented here, even though the resolu-
tion employed, 0.2 nm, was significantly inferior. This is
somewhat surprising since it is well known that the line-
widths of absorption peaks, their peak heights, and hence,
the derived cross sections depend on the optical resolution of
the VUV photon source.
The assignment of the absorption bands observed in Fig.
1 is now discussed. Below 13 eV, four bands are observed
peaking at 9.28, ;10.3, ;11.1 and 12.38 eV ~bands I–IV in
Fig. 1!. In agreement with Brundle, Robin, and Basch,21 they
are assigned to the 2b2 – 3s , 2b2 – 3p , 3b1 – 3s , andDownloaded 20 Feb 2001 to 147.188.104.4. Redistribution subjec3b1 – 3p transitions, respectively. Quantum defects of the
Rydberg orbitals ~Table II! have been determined using the
well-known formula
E5IE2
RH
~n2d!2
, ~1!
where E is the energy of the transition, IE is the ionization
energy to which the Rydberg state converges, RH is the Ry-
dberg constant, and n and d are the principle quantum num-
ber and the quantum defect of the Rydberg orbital, respec-
tively. The IEs required were taken from a number of
sources, the details being given as footnotes to Table II. For
bands with no resolved structure, vertical IEs are used,20,22
for reasons explained elsewhere.1 For bands showing vibra-
tional structure, vibrationally resolved IEs with the same vi-
brational quantum number in the Rydberg state are used.
Bands I and IV are structureless, whereas considerable
vibrational structure is resolved in bands II and III. Band II
consists of five or six peaks with a constant spacing of
1107650 cm21. This value is in reasonable agreement with
the separation determined by Wagner and Duncan,34 1074
cm21, from their VUV absorption spectrum. A similar result
has been obtained for the vibrational structure resolved in the
(2b2)21 ionization band, 110565 cm21,21 and attributed to
excitation of the n2 ~a1 :CH2 scissors! and n3 ~a1 :CF2
stretch! modes. The corresponding vibrational wave numbers
in the ground state of the neutral molecule are 1508 and 1116
cm21.29 The most recent photoelectron spectrum measured
by Pradeep and Shirley showed evidence of three vibrational
progressions in the (2b2)21 band.23 These were attributed to
excitation of the n2 , n3 , and 2n4 ~a1 :CF2 scissors! modes of
motion, and the vibrational wave numbers were measured as
115065, 116265, and (23527) cm21, respectively. The
identification of the near-degenerate n2 and n3 progressions
was made possible by the high energy resolution employed,
;8 cm21. The presence of C–F vibrations is hardly surpris-
ing since the 2b2 orbital is known to have significant fluorine
lone-pair character.21 Indeed, the quantum defects deter-
mined from the energies of the valence-Rydberg transitions
originating from the 2b2 orbital ~Table II!, are very close to
the accepted values for an isolated fluorine atom, 1.20 and
0.75, for s and p orbitals, respectively.37
The appearance of vibrational structure in band III
(3b1→3s) is intriguing since band I (2b2→3s) is continu-
ous and unstructured. These observations imply that disso-
ciation of the (3b1)213s Rydberg state is slower than that of
the (2b2)213s state. These states have term symbols 2B1
and 2B2 , respectively. The difference in symmetry of these
two Rydberg states may cause one to dissociate slower than
the other. The first six members of the progression in band
III have a constant separation of 400660 cm21; the splitting
of the higher members becomes greater. Two groups have
suggested that excitation in at least two modes ~n3 and n4! is
responsible for the observed vibrational structure.21,34
Pradeep and Shirley,23 however, have found insufficient evi-
dence of this in their high-resolution photoelectron spectrum
of the A˜ 2B1 band. They determine a vibrational frequency of
583 cm21 and attribute it to the n4 mode. Unfortunately, the
vibrationally resolved ionization energies were not reported,t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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Downloaded 2TABLE I. Energetics of the key dissociation channels and ionization energies of CF2H2, CF2Cl2, and CF2Br2.
Molecule Ion Dissociation channel Adiabatic ~vertical! IE/eV Dissociation energy/eV
CF2H2 CH1H*(n56)12F 27.78
CH1H*(n56)1F2 26.18
CF1F1H1H*(n56) 25.71
CFH1F1H*(n56) 22.16
CF21H*(n56)1H 20.41
CF1HF1H*(n56) 19.85
CF B 2D12H1F 18.60
CF2H21 F˜ 2B2 18.270
a ~18.97,b 19.13c!
CF2H21 E˜ 2A1 18.236
a ~18.97,b 19.13c!
CF2H21 D˜ 2B1 18.208
a ~18.97,b 19.13c!
CH B 2S21H12F 17.78
CF A 2S112H1F 17.77
CF2H1H*(n56) 17.60
CH A 2D1H12F 17.42
CH B 2S21F21H 16.18
CH A 2D1H1F2 15.82
CF2H21 C˜ 2A2 15.624
a ~15.58,b 15.71c!
CF2H21 B˜ 2A1 15.572
a ~15.58,b 15.71c!
CF2H21 A˜ 2B1 14.611
a ~15.25b!
CF B 2D1H21F 14.12
CF A 2S11H21F 13.29
CF B 2D1HF1H 12.74
CF2H21 X˜ 2B2 12.729
a ~13.29b!
CH B 2S21HF1F 11.92
CF A 2S11HF1H 11.91
CF2 A˜ 1B112H 11.80
CH A 2D1HF1F 11.56
CH2 b˜ 1B112F 11.46
CFH A˜ 1A91F1H 11.07
CH2 b˜ 1B11F2 9.86
CF2 A˜ 1B11H2 7.32
CFH A˜ 1A91FH 5.21
CF2Cl2 CF2Cl21 K˜ 2A1 ~22.4
d!
Cl2 D8 2 3Pg1C12F 21.13
CF2Cl21 J˜ 2B2 ~20.4
d!
Cl2 D8 2 3Pg1C1F2 19.53
CF2Cl21 H˜ 2A1 / I˜ 2B1 ~19.3
d!
CCl A 2D12F1Cl 17.50
CF B 2D1F12Cl 17.06
CF2Cl21 G˜ 2A1 ~16.90
d!
CF2Cl21 F˜ 2A2 ~16.30
d!
CF A 2S11F12Cl 16.23
CCl A 2D1F21Cl 15.90
CF2Cl21 E˜ 2B1 ~15.90
d!
Cl2 D8 2 3Pg1CF1F 15.56
CCl A 2D1FCl1F 14.94
CF B 2D1F1Cl2 14.58
CF B 2D1FCl1Cl 14.50
CF2Cl21 D˜ 2B2 14.126
a ~14.36d!
CF A 2S11F1Cl2 13.75
CF A 2S1FCl1Cl 13.67
CF2Cl21 C˜ 2A1 ~13.45
d!
CF2Cl21 B˜ 2A2 13.078
a ~13.11d!
CF2Cl21 A˜ 2B1 ~12.53
d!
CF2Cl21 X˜ 2B2 11.734
a ~12.26d!
CCl2 A˜ 1B112F 11.25
Cl2 D8 2 3Pg1CF2 10.26
CF2 A˜ 1B112Cl 10.26
CClF A˜ 1A91Cl1F 10.01
CCl2 A˜ 1B11F2 9.65
CF2 A˜ 1B11Cl2 7.78
CClF A˜ 1A91FCl 7.450 Feb 2001 to 147.188.104.4. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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Downloaded 2TABLE I. ~Continued.!
Molecule Ion Dissociation channel Adiabatic ~vertical! IE/eV Dissociation energy/eV
CF2Br2 CF2Br21 K˜ 2A1 ~22.5
e!
CF2Br21 J˜ 2B2 ~20.0
e!
CF2Br21 I˜ 2A1 ~19.0
e!
Br2 D8 2 3Pg1C12F 18.97
CF2Br21 H˜ 2B1 ~18.69
e!
Br2 D8 2 3Pg1C1F2 17.37
CF2Br21 G˜ 2A1 ~16.37
e!
CBr A 2D12F1Br 16.13
CF B 2D12Br1F 15.90
CF2Br21 E˜ 2A2 /F˜ 2B1 ~15.57
e!
CF A 2S112Br1F 15.07
CBr A 2D1F21Br 14.53
CBr A 2D1FBr1F 13.58
CF B 2D1Br21F 13.46
Br2 D8 2 3Pg1CF1F 13.41
CF B 2D1BrF1Br 13.35
CF2Br21 D˜ 2B2 ~13.22
e!
CF A 2S11Br21F 12.63
CF A 2S11BrF1Br 12.52
CF2Br21 C˜ 2A1 ~12.41
e!
CF2Br21 B˜ 2A2 ~12.06
e!
CF2Br21 A˜ 2B1 ~11.56
e!
CF2Br21 X˜ 2B2 ~11.17
e!
CF2 A˜ 1B112Br 9.10
Br2 D8 2 3Pg1CF2 8.11
CF2 A˜ 1B11Br2 6.66
aReference 23.
bReference 20.
cReference 22.
dReference 24.
eReference 27.only the adiabatic ionization energy for the overall band. It
was, therefore, not possible to assign unambiguously the vi-
brational peaks in the absorption band. The quantum defect
associated with the lowest-energy transition is given in Table0 Feb 2001 to 147.188.104.4. Redistribution subjecII. Its value, 1.08, is characteristic of an isolated fluorine s
orbital, 1.20.37
The region of the spectrum above 13 eV has never been
assigned. Between 13 and 20 eV, four structureless featuresFIG. 1. Vacuum–UV absorption ~up-
per spectrum! and fluorescence excita-
tion ~lower spectrum! spectra of
CF2H2 recorded at the BESSY1 syn-
chrotron source. The resolution of the
spectra are 0.08 and 0.3 nm, respec-
tively. Absorption cross sections are
measured in units of Mb (1 Mb
510218 cm2), fluorescence cross sec-
tions in arbitrary units.t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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by the onset of ionization. Using vertical ionization energies
and assuming that because of the high electronegativity of
the fluorine atom, the quantum defects of the molecular or-
bitals will, in general, have values similar to those calculated
for an isolated fluorine atom, bands V–VII have been tenta-
tively assigned ~Table II!. The quantum defects determined
for bands V and VI are anomalously low, indicating that the
Rydberg electron may occupy an orbital which is located
predominantly on the carbon and/or hydrogen atoms. Band
VIII at ;19 eV has not been assigned. It is extremely broad
and probably represents a superposition of many transitions.
TABLE II. Assignment of the vacuum–UV absorption bands in CF2H2.
Band Peak position/eV Assignment IE/eV d
I 9.28 2b2 – 3s 13.29a 1.16
II 10.01 2b2 – 3p(0,0) 12.729b 0.76
10.15 2b2 – 3p(0,1) 12.872b 0.76
10.29 2b2 – 3p(0,2) 13.010b 0.77
10.42 2b2 – 3p(0,3) 13.195b 0.79
10.55 2b2 – 3p(0,4) 13.278b 0.77
10.69 2b2 – 3p(0,5) 13.407b 0.76
III 10.91 3b1 – 3s(0,0) 14.611b 1.08
IV 12.38 3b1 – 3p 15.25a 0.82
V 13.56 4a1 – 3s 15.71c 0.48
or 1a2 – 3s
VI 13.86 4a1 – 3p 15.71c 0.29
or 1a2 – 3p
VII 15.72 1b2 – 3s 19.13c 1.00
or 3a1 – 3s
or 2b1 – 3s
aReference 20.
bReference 23.
cReference 22.Downloaded 20 Feb 2001 to 147.188.104.4. Redistribution subjecThe fluorescence excitation spectrum of CF2H2 was re-
corded both at BESSY1 over the range 8–22 eV at a resolu-
tion 0.3 nm ~Fig. 1, lower spectrum!, and at Daresbury over
a comparable range at an improved resolution of 0.1 nm
~Fig. 2!. In Fig. 1, the fluorescence excitation spectrum is
presented on an arbitrary ordinate scale, hence, the absolute
fluorescence quantum yield cannot be inferred. Below 11 eV,
Fig. 1 shows that the fluorescence excitation spectrum re-
sembles the absorption spectrum quite closely, except that
the ratio of the intensities of bands I and II is inverted.
Above 11 eV, there is little similarity between the spectra. In
particular, band III is completely absent in the fluorescence
spectrum and the peak of band IV is shifted to higher energy,
13.0 eV. For E1.13 eV, it becomes hard to determine the
relationship between the absorption and fluorescence bands.
Over the whole of the fluorescence excitation spectrum, all
the peaks have shapes characteristic of a resonant primary
excitation process ~i.e., A1hn→A*, where A* is a discrete
excited state of the parent molecule!. This indicates that fluo-
rescence is due to fragment species produced by photodisso-
ciation of A*, or just possibly to A* itself. Fluorescence
from excited states of the parent ion is characterized by a
nonresonant primary excitation process @i.e., A1hn
→(A1)*1e2#, since the photoelectron can carry off the ex-
cess energy. The shape of the peak in the fluorescence exci-
tation spectrum is then very different.17 We note, therefore,
that fluorescence from excited states of CF2H21, if present,
is exceptionally weak.
Dispersed emission spectra over the range 190–690 nm
were recorded at BESSY1 for chosen excitation energies be-
tween 9 and 22 eV, corresponding to the peaks in Figs. 1 and
2. The dispersed emission spectrum recorded at E1
59.29 eV is shown in Fig. 3~a!. As there is a significant
amount of second-order radiation from the secondary mono-
chromator for l2.450 nm, only the limited range of 190–
450 nm is displayed. One broad featureless band stretching
from 240 to 370 nm and peaking at 290 nm is observed. TheFIG. 2. Vacuum–UV fluorescence ex-
citation spectrum of CF2H2 recorded at
the Daresbury synchrotron source with
a resolution of 0.1 nm. The insert be-
tween 9.9 and 10.8 eV was recorded at
a resolution of 0.05 nm.t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
4064 J. Chem. Phys., Vol. 114, No. 9, 1 March 2001 Seccombe et al.emission is due to the CF2 A˜ 1B1 – X˜ 1A1 transition.38–40 Dis-
persed spectra were also recorded at the higher excitation
energies of 15.01 @Fig. 3~b!#, 17.24 @Fig. 3~c!#, 18.99 @Fig.
4~a!#, 20.98 @Fig. 4~b!#, and 22.34 eV @Fig. 4~c!#. Two bands
are present in all these five spectra, peaking at 426 and 388
nm. They are assigned to CH A 2D – X 2P and CH
B 2S2 – X 2P , respectively.31 For E1515.01 and 17.24 eV, a
band at ;410 nm is present and is probably due to CF
B 2D – X 2P in second order.31 For E1520.98 and 22.34 eV
there are additional features at 408, 488, and 655 nm. As
their appearance energy is quite high and their width consid-
erably narrower than the other bands, it seems likely that
these emissions are due to an atomic fragment. The wave-
lengths are very close to the fourth (n56→2), second (n
54→2), and first lines (n53→2) of the Balmer series in
atomic hydrogen. The third line (n55→2) of this series
occurs at 433 nm and is not observed as it lies too close in
energy to the intense CH A – X emission. Perhaps the most
interesting feature of the dispersed emission spectra is that
they seem to indicate that the branching to CH* is much
higher than to CF*. This is despite the fact that the thermo-
chemical energies of analogous channels to CH* and CF*
are not dissimilar. This effect is probably the result of state-
specific dissociation of CH2H2*.
FIG. 3. Dispersed fluorescence spectra recorded at a resolution of 8 nm for
CF2H2 photoexcited at ~a! 9.29 eV, ~b! 15.01 eV, and ~c! 17.24 eV.Downloaded 20 Feb 2001 to 147.188.104.4. Redistribution subjecAction spectra were recorded at a resolution of 0.3 nm
for l2 values of 207, 283, and 428 nm, isolating the CF
B – X , CF2 A˜ – X˜ , and CH A – X emissions, respectively
@Figs. 5~a!–5~c!#. Unfortunately, the other emitters could not
be isolated, either due to second-order radiation from the
secondary monochromator or to overlapping CF2 A˜ – X˜ emis-
sion. Instead, a fluorescence excitation spectrum was re-
corded at Daresbury with an Oriel 500 cut-on filter. This
filter allowed only radiation with l2.500 nm to be detected
@Fig. 5~d!#. The spectrum peaks at 15 eV, considerably be-
low the appearance energy for the atomic fragment emission
at 655 nm. Hence, another red–visible emitter must be
present which was not detected in the dispersed emission
spectra because of the large amount of CF2 A˜ – X˜ in second
order. It is likely that this is the CFH A˜ 1A9 state, and several
groups have observed the CFH A˜ 1A9– X˜ 1A8 transition be-
tween 430 and 635 nm.41,42 Appearance energies were mea-
sured from the action spectra, and a summary of the emission
bands and appearance energies for the emitting fragments is
given in Table III. We note the absence of emission in CH2,
CF2H, and CFH2.
B. CF2Cl2
The absorption spectrum of CF2Cl2 was recorded
at BESSY1 from 8 to 22 eV at a resolution of 0.08 nm
FIG. 4. Dispersed fluorescence spectra recorded at a resolution of 8 nm for
CF2H2 photoexcited at ~a! 18.99 eV, ~b! 20.98 eV, and ~c! 22.34 eV.t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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been determined by a number of groups,13,35,43–47 and the
values shown in Fig. 6 are in good agreement with
previous measurements. The electronic configuration of
the outervalence molecular orbitals of the molecule
is (3a1)2(3a2)2(3b1)2(3b2)2(4a1)2(4a2)2(4b1)2(4b2)2,13
FIG. 5. ~a!–~c! Action spectra of CF2H2 recorded at the BESSY 1 synchro-
tron source with a resolution of 0.3 nm for l25207, 283, and 428 nm,
respectively. ~d! Fluorescence excitation spectrum of CF2H2 recorded at the
Daresbury source with a resolution of 0.1 nm. An Oriel 500 filter ensured
that only radiation with l2.500 nm was detected.
TABLE III. Summary of the emission bands identified following VUV pho-
toexcitation of CF2H2.
Fragment
Appearance
energy/eV E1 range/eV l2 range/eV Assignment
CF2 A˜ 1B1 8.760.1 8.7– 15.8 240–400 A˜ 1B1 – X˜ 1A1
CFH A˜ 1A9 12.160.1 12.1– 16.5 ;500 A˜ 1A9– X˜ 1A8
CF B 2D 12.560.3 .12.5 ;210 B 2D – X 2P
CH A 2D 13.860.2 .13.8 418–440 A 2D – X 2P
CH B 2S fl fl 385–395 B 2S – X 2P
H(n53)a 19–21 .19–21 655 n53→2
H(n54)a 19–21 .19–21 488 n54→2
H(n56)a 19–21 .19–21 408 n56→2
an is the principle quantum number.Downloaded 20 Feb 2001 to 147.188.104.4. Redistribution subjecwhere the numbering scheme does not include core orbitals.
The absorption spectrum of CF2Cl2 has less-resolved vibra-
tional structure than that of CF2H2 recorded at the same reso-
lution of 0.08 nm. Vibrational structure is only observed in
band VIII ~Fig. 7! with adjacent peaks separated by 225
670 cm21. It is likely that this corresponds to excitation in
the v4 ~CCl2 scissors: a1 symmetry! mode whose vibrational
frequency in the ground electronic state of CF2Cl2 is 261.5
cm21.29 The features in the absorption spectrum have been
assigned ~Table IV!, using vertical ionization energies taken
from Cvitas, Gusten, and Klansic.24 The quantum defects
obtained are generally in good agreement with those deter-
mined for either isolated chlorine ~ns52.01, np51.57, nd
50.09! or fluorine atoms ~ns51.20, np50.75,
nd50.003!.37 Care has been taken to ensure that the quan-
tum defect determined for a particular orbital reflects the
character of that orbital.
The fluorescence excitation spectrum of CF2Cl2 was re-
corded both at BESSY1 over the range 9–22 eV at a resolu-
tion of 0.3 nm ~Fig. 6, lower spectrum!, and at Daresbury
over a comparable range at an improved resolution of 0.1
nm. The spectra are very similar. As with CF2H2, the fluo-
rescence excitation spectrum in Fig. 6 is presented on an
arbitrary ordinate scale. All peaks have shapes characteristic
of a resonant primary excitation process, with fluorescence
being due to different fragments of CF2Cl2 produced by
~pre!dissociation. In contrast to CF2H2, below 11.5 eV the
absorption and fluorescence spectra show considerable dif-
ferences. For example, the threshold energy for absorption is
8.7 eV compared to 10.3 eV for fluorescence. Above 11.5
eV, most of the observed absorption bands are present in the
fluorescence spectrum, whereas peaks I–IV in the absorption
spectra have no corresponding peaks in the fluorescence ex-
citation spectra.
Dispersed fluorescence spectra over the range 190–690
nm were measured at BESSY1 for several excitation ener-
gies between 11.3 and 15.5 eV. Spectra for E1511.37 and
13.04 eV are shown in Figs. 8~a! and 8~b!. Due to the prob-
lem of second-order radiation from the secondary monochro-
mator, only the limited range of 190–450 nm is displayed.
The broad and unstructured CF2 A˜ 1B1 – X˜ 1A1 band, stretch-
ing from 240 to 370 nm and peaking at 290 nm, dominates
both spectra.38–40 For E1511.37 eV there is an additional
weak shoulder peaking at ;400 nm. It is likely that this is
the CFCl A˜ 1A9– X˜ 1A8 transition,32,48 and it is clear that the
relative intensity of the CFCl to CF2 emission bands de-
creases as the photon energy increases above 11.37 eV. For
excitation energies above 19 eV, the emission spectra are
dramatically different @Fig. 8~c!#. Four narrower bands are
clearly resolved at 207, 255, 278, and 305 nm. These are
assigned to CF B 2D – X 2P , Cl2 D82 3Pg – A82 3Pu , CCl
A 2D – X 2P , and an unassigned band in Cl2, respectively.
Some of the emission in the 255 nm band may also be due to
CF A 2S1 – X 2P . In our earlier work on CF2Cl2 at
Daresbury,16 where filters were the only means to determine
the wavelength range of the emissions, we believed that
emission induced at ;E1520 eV to be predominantly due to
the CF A 2S1 state. This is clearly wrong, and shows the
importance of the dispersed fluorescence experiment wet to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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per spectrum! and fluorescence excita-
tion ~lower spectrum! spectra of
CF2Cl2 recorded at the BESSY 1 syn-
chrotron source. The resolution of the
spectra are 0.08 and 0.3 nm, respec-
tively. Absorption cross sections are
measured in units of Mb (1 Mb
510218 cm2), fluorescence cross sec-
tions in arbitrary units.have developed at the BESSY1 source. Unlike CF2H2, no
atomic emission lines are observed from CF2Cl2 for VUV
excitation energies around 20 eV.
Action spectra were recorded at BESSY1 with a resolu-
tion of 0.3 nm. They could only unambiguously be recorded
for l25207 and 300 nm, isolating the CF B – X and CF2
A˜ – X˜ bands, respectively @Figs. 9~a! and 9~b!#. We note that
the action spectrum for formation of CF B 2D from CF2Cl2 is
very different in form to that from CF2H2 @Fig. 5~a!#. In
addition, fluorescence excitation spectra were recorded at
Daresbury with Schott GG395 and Oriel 500 cut-on filters
@Figs. 9~c! and 9~d!#, constituting pseudo-action spectra with
l2.395 and l2.500 nm, respectively. Since the intensity
of CF2 A˜ – X˜ emission is extremely low at wavelengths above
400 nm, other higher-wavelength emitters must be respon-Downloaded 20 Feb 2001 to 147.188.104.4. Redistribution subjecsible for the signal observed in Figs. 9~c! and 9~d!. As the
two spectra are considerably different, more than one, as yet
unassigned, emitter must be present at wavelengths above
400 nm. In all probability the emissions are caused by CCIF
A˜ – X˜ and CCl2 A˜ 1B1 – X˜ 1A1 transitions with electronic ori-
gins at 396 and 580 nm, respectively.32 It is likely that the
GG395 filter transmits both CFCl and CCl2 A˜ – X˜ emission,
while the Oriel 500 filter transmits predominantly CCl2 A˜ – X˜
emission. We presume that CCl2 emission was not detected
in the dispersed emission spectra because of the large inten-
sity of CF2 A˜ – X˜ in second order. Appearance energies have
been determined from the action spectra, and a summary of
the emission bands for VUV-excited CF2Cl2 is given in
Table V.FIG. 7. Vacuum–UV absorption spec-
trum of CF2Cl2 over the range 11.4–
11.9 eV.t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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The absorption spectrum of CF2Br2 was recorded at
BESSY1 from 7 to 22 eV at a resolution of 0.08 nm ~Fig. 10,
upper spectrum!. No vibrational structure is observed at this
resolution. Absorption cross sections have been measured
previously by Doucet et al.,26 and the two sets of values are
in reasonable agreement. The electronic configuration of the
outervalence orbitals of this molecule is
(3a1)2(3a2)2(3b1)2(3b2)2(4a1)2(4a2)2(4b1)2(4b2)2,27
where the numbering scheme does not include core orbitals.
Cvitas et al.27 measured ionization energies by He I photo-
electron spectroscopy which were used to assign the Ryd-
berg transitions observed in the absorption spectrum ~Table
VI!. In contrast to CCl3Br,49 no spin-orbit splitting was ob-
served in the He I spectrum since all the states of the parent
ion of CF2Br2 are orbitally singly degenerate. The highest-
lying molecular orbitals of CF2Br2 are dominated by bromine
lone-pair character, so that the lower-energy transitions in
the absorption spectrum have associated quantum defects
which are close to the values calculated for an isolated bro-
mine atom ~ns52.96, np52.51, nd51.10! ~see Table VI!.37
The fluorescence excitation spectrum of CF2Br2 was re-
corded both at BESSY1 over the range 9–22 eV at a resolu-
tion of 0.3 nm ~Fig. 10, lower spectrum!, and at Daresbury at
a resolution of 0.1 nm. The spectra were very similar. As
with CF2H2 and CF2Cl2, the fluorescence excitation spec-
trum in Fig. 10 is presented on an arbitrary ordinate scale,
and all the peaks have a shape which is characteristic of a
resonant primary excitation process. The threshold energy of
the fluorescence spectrum, 9.2 eV, is considerably higher
TABLE IV. Assignment of the absorption bands in CF2Cl2.
Band Peak position/eV Assignment IE/eVa d
I 9.63 4a2 – 4s 13.11 2.02
II 9.79 4b2 – 4p 12.26 1.57
III 10.0 4a1 – 4s 13.45 2.01
IV 10.46 4b1 – 4p 12.53 1.87
or 4b2 – 3d 12.26 0.25
V 10.84 4a2 – 4p 13.11 1.55
VI 11.33 4a1 – 4p 13.45 1.47
or 3b2 – 4s 14.36 1.88
VII 11.49 4a2 – 3d 13.11 0.10
VIII 11.75 4a1 – 3d 13.45 0.17
or 3b1 – 3s 15.90 1.19
IX 12.07 3b2 – 4p 14.36 1.56
X 12.22 3b2 – 4p 14.36 1.48
XI 12.96 3b2 – 5s 14.36 1.88
XII 14.72 3b1 – 4p 15.90 0.60
or 3a2 – 4s 16.30 1.07
or 3a1 – 4p 16.90 1.50
XIII ;16.5 2b1 – nl 19.3 fl
or 2a1 – nl 19.3 fl
aVertical ionization energies from Ref. 24.Downloaded 20 Feb 2001 to 147.188.104.4. Redistribution subjecthan that for absorption, 7.4 eV, behavior mirroring that of
CF2Cl2. Furthermore, the spectra bear little resemblance to
each other below 11 eV. At higher energies, especially be-
tween 11 and 12.5 eV, many of the observed absorption
features can be found in the fluorescence spectrum.
Dispersed emission spectra over the range 190–690 nm
were measured for E159.76, 11.09, 13.30, 15.30, 17.87, and
22.63 eV ~Figs. 11 and 12!. As before, only the low-
wavelength section is displayed because of second-order ra-
diation from the secondary monochromator. For E1 in the
range 9–13 eV, the spectra are dominated by the broad CF2
A˜ – X˜ emission. For E1513.30 eV two additional narrow
bands are present at 290 and 353 nm. These are attributed to
transitions in Br2,31 the former being the D82 3Pg – A82 3Pu
ion pair to valence transition. At the higher excitation ener-
gies the CF2 A˜ – X˜ band disappears, while the Br2 bands re-
main. For E1522.63 eV, only the band at 290 nm is present
to a significant degree.
Action spectra between 9 and 22 eV were measured at
BESSY1 with a resolution of 0.3 nm for l25207 and 313
nm, isolating the CF B 2D – X 2P and CF2 A˜ 1B1 – X˜ 1A1
bands, respectively @Figs. 13~a! and 13~b!#. As with CF2Cl2,
fluorescence excitation spectra were recorded, in addition, at
Daresbury using Schott GG395 and Oriel 500 cut-on filters
FIG. 8. Dispersed fluorescence spectra recorded at a resolution of 8 nm for
CF2Cl2 photoexcited at ~a! 11.37 eV, ~b! 13.04 eV, and ~c! 20.00 eV.t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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.400 nm in Figs. 13~c! and 13~d! is in all probability due to
CBr2 A˜ 1B1 – X˜ 1A1 or CFBr A˜ 1A9– X˜ 1A8, which are known
to occur at 560–660 and 420–470 nm, respectively.50,51 It is
likely that both these emitters are present since the GG395
and Oriel 500 spectra are different. In all probability, the
GG395 filter transmits fluorescence from both CFBr and
FIG. 9. ~a!–~b! Action spectra of CF2Cl2 recorded at the BESSY1 synchro-
tron source with a resolution of 0.3 nm for l25207 and 300 nm, respec-
tively. ~c!–~d! Fluorescence excitation spectra of CF2Cl2 recorded at the
Daresbury source with a resolution of 0.1 nm. Optical filters ensured that
only radiation with ~c! l2.395 nm and ~d! l2.500 nm was detected.
TABLE V. Summary of the emission bands identified following VUV pho-
toexcitation of CF2Cl2.
Fragment
Appearance
energy/eV
E1
range/eV
l2
range/nm Assignment
CF2 A˜ 1B1 10.460.1 10.4–15.0 230–400 A˜ 1B1 – X˜ 1A1
CFCl A˜ 1A9 fl fl ;400 A˜ 1A9– X˜ 1A8
CCl2 A˜ 1B1 fl fl ;500 A˜ 1B1 – X˜ 1A1
Cl2 D8 2 3Pg .15.5 .15.5 ;255 D8 2 3Pg – A8 2 3Pu
Cl2* .15.5 .15.5 ;305 D8 2 3Pg – ?
CF A 2S1 .15.5 .15.5 ;230 A 2S1 – X 2P
CF B 2D 18.160.2 .18.1 200–215 B 2D – X 2P
CCl A 2D .15.5 .15.5 260–280 A 2D – X 2PDownloaded 20 Feb 2001 to 147.188.104.4. Redistribution subjecCBr2 A˜ – X˜ , while the Oriel 500 filter transmits only CBr2
A˜ – X˜ emission. Appearance energies have been determined
from the action spectra, and a summary of the emission
bands from VUV-excited CF2Br2 is given in Table VII.
D. Lifetime measurements
Using the single-bunch mode of BESSY1, the lifetimes
of the emitting states which fall in the range ;3–80 ns pro-
duced by VUV photoexcitation of CF2X2 (X5H, Cl, Br)
have been measured. The purpose of this study was not spe-
cifically to measure lifetime for the first time, but to confirm
assignments that had already being made. The results are
given in Table VIII. It was not possible to make realistic
measurements of the lifetimes of excited states of CH or any
of the triatomic fragments except CF2 A˜ 1B1 , since they ex-
ceed the upper limit which can be measured accurately in
this experiment.31,32 The values measured for the B 2D state
of CF from CF2Cl2 and CF2Br2 ~18.960.2, 17.960.2 ns!
agree excellently with the long-established phase-shift mea-
surement of 18.8 ns,52 more recent measurements following
electron impact of 20–21 ns,10–12,53 an ab initio
calculation,54 and our measurements on CCl3F.1 CF2H2
could not be used as the subject molecule as the CF B – X
fluorescence was too weak. The value measured for the life-
time of CF A 2S1, 20.060.2 ns, from CF2Cl2 excited at 19.1
eV is about 30% lower than that determined by a laser-
induced fluorescence study of Booth and Hancock,55 where
radiative lifetimes for the v50 and 1 levels were measured
to be 26.761.8 and 25.661.8 ns, respectively. Older mea-
surements yield lifetimes of about 20 ns.6,52,56 The three val-
ues determined for the lifetime of CF2 A˜ 1B1 from CF2H2,
CF2Cl2, and CF2Br2 ~51.260.3, 46.560.4, 44.760.1 ns! are
in good agreement with the results of King, Schenk, and
Stephenson.40 The lifetime measured for the A 2D state of
CCl from CF2Cl2, 21.660.6 ns, is much lower than other
measurements of the v50 state ~;100 ns!,57,58 but is close
to the value determined for the v51 state by Larsson,
Blomberg, and Siegbahn ~17 ns!.58 Thus, there exists the
possibility that the fragmentation of CF2Cl2 to yield CCl
A 2D is vibrationally state selective. We should note that the
lifetime of CCl A 2D measured by us following VUV photo-
excitation of CCl3X (X5F, H, Br) spans the range 39–55
ns.1 It was suggested then that, as in this work, photodisso-
ciation could produce a different distribution of CCl A 2D
vibrational levels for the three different molecules. The life-
times determined for the D82 3Pg ion-pair state of Cl2 and
Br2 ~18.660.3 and 22.660.3 ns! in this work are both con-
sistent with previous studies.1,11
V. DISCUSSION
First, we highlight the limitations of the fluorescence
experiments. They are only sensitive to excited states of
CF2X2 that ~pre!dissociate to emitting valence states of frag-
ments, and no information is obtained on absolute quantum
yields. Likewise, no information is obtained on photodisso-
ciation channels that lead to nonfluorescing fragments, or to
channels that lead to the ground electronic state of the frag-t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
4069J. Chem. Phys., Vol. 114, No. 9, 1 March 2001 Fluorescence spectroscopy of CF2H2, CF2ClFIG. 10. Vacuum–UV absorption ~upper spectrum! and fluorescence excitation ~lower spectrum! spectra of CF2Br2 recorded at the BESSY1 synchrotron
source. The resolution of the spectra are 0.08 and 0.3 nm, respectively. Absorption cross sections are measured in units of Mb (1 Mb510218 cm2),
fluorescence cross sections in arbitrary units.ment. Therefore, it should be no surprise that there is often
little resemblance between the VUV absorption and fluores-
cence excitation spectra ~Figs. 1, 6, and 10!. In particular,
these experiments are not sensitive to the simplest photodis-
sociation channel for low-lying Rydberg states of CF2X2,
which is cleavage of the weakest bond, always C–X, to form
the CF2X free radical. Unlike CF4 and SiF4 where photodis-
sociation of such states does lead to fluorescence being ob-
served in the CF3 and SiF3 radicals,17,59 fluorescence from
excited states of CF2X has not been observed. This could
arise for one or more of several reasons. First, photodisso-
ciation by C–X bond cleavage is a minor channel. Second,
photodissociation only produces the ground state of CF2X.
Third, there are no excited states of CF2X which fluoresce in
the range of the UV/visible that our experiment can detect
~190–690 nm!. This final reason may be the cause of the
apparent absence of any emission in CH2 from CF2H2, since
the b 1B1 – X 3B1 band of CH2 is both spin forbidden and
occurs predominantly in the near IR.32 We note that the C–F
and C–H bonds have similar strengths in CF2H2, the former
being only ;0.7 eV stronger than the latter.31
The enthalpies for the different dissociation channels
that result in the formation of fluorescing fragments are
given in Table I. As more than one bond is broken to form
each of the observed excited species, there always exists at
least two pathways for dissociation. The action spectrum re-
corded for a particular isolated emission yields the appear-
ance energy ~AE! for the formation of the excited fragment.
By comparing the AE with the thermodynamic energies
given in Table I, it can sometimes be possible to determine
the dominant dissociation channel. In our previous study of
fluorescence from VUV-excited CCl3X (X5H, F, Br),1 this
analysis was performed for a large number of fragments.
However, the process is made more difficult in this CF2X2Downloaded 20 Feb 2001 to 147.188.104.4. Redistribution subjecstudy by the fact that the CF2 A˜ – X˜ emission band covers a
range of wavelengths, 240–370 nm, where many other emis-
sions occur. Hence, for some fragments it was not possible to
record ‘‘true’’ action spectra. Second-order radiation from
the secondary monochromator also hindered the observation
of action spectra for l2.;450 nm. The discussion, there-
TABLE VI. Assignment of the absorption bands in CF2Br2.
Band Peak position/eV Assignment IE/eVa d
I 8.30 4b1 – 5s 11.56 2.96
II 8.54 4a2 – 5s 12.06 3.03
III 8.85 4b2 – 5p 11.17 2.58
or 4a2 – 5s 12.06 2.94
IV 9.07 4a1 – 5s 12.41 2.98
V 9.50 4b2 – 4d 11.17 1.15
or 4b1 – 5p 11.56 2.43
VI 9.84 4b1 – 4d 11.56 1.19
or 4a2 – 5p 12.06 2.53
or 3b2 – 5s 13.22 2.99
VII 10.21 4a1 – 5p 12.41 2.51
VIII 10.41 4a2 – 4d 12.06 1.13
IX 10.55 4a2 – 6s 12.06 3.00
X 10.86 4a1 – 4d 12.41 1.04
XI 11.14 3b2 – 5p 13.22 2.44
XII 11.63 3b2 – 4d 13.22 1.07
XIII 11.82 3b2 – 6s 13.22 2.88
aVertical ionization energies from Ref. 27.t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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(X5H, Cl, Br) A 2D , Cl2 and Br2 D82 3Pg , and H* species.
A. CF2 A˜ 1B1
The AEs for forming the CF2 A˜ state from CF2H2,
CF2Cl2, and CF2Br2 are 8.760.1, 10.460.1, and 9.3
60.2 eV, respectively @Figs. 5~b!, 9~b!, and 13~b!#. In each
case, CF2 can be formed either with the X2 molecule or two
X atoms, the latter process clearly requiring more energy
~Table I!. For CF2H2, all the emission in bands I and II ~Fig.
1! is observed for excitation energies lower than the higher-
energy threshold, 11.80 eV, to form two H atoms. Hence, at
least for this range of energies, the CF2 A˜ state must be
formed with H2 and not with two H atoms. For energies
greater than 11.8 eV, the fluorescence could be due to the
CF2 A˜ state 12H channel. This situation is totally different
from that of CF2Cl2 and CF2Br2, where the AEs for CF2
A˜ -state production are in close agreement with the energies
of the higher dissociation channels, 10.26 and 9.10 eV, re-
spectively. Comparison with the absorption spectra shows
that the agreement is not merely coincidental. Hence, for
these two molecules it seems likely that dissociation occurs
solely by the higher-energy X1X channel. It is not possible
FIG. 11. Dispersed fluorescence spectra recorded at a resolution of 8 nm for
CF2Br2 photoexcited at ~a! 9.76 eV, ~b! 11.09 eV, and ~c! 13.30 eV.Downloaded 20 Feb 2001 to 147.188.104.4. Redistribution subjecto say whether the two C–X bonds break simultaneously or
sequentially. It is likely that the anomalous behavior of
CF2H2 relates to the structure of the transition state. In order
for X2 to be produced, dissociation must proceed via a tightly
constrained transition state so that the X–X bond forms
while two C–X bonds break. Clearly, such a structure would
be sensitive to steric hindrance. Hence, the process is ob-
served for CF2H2 where the relatively light H2 molecule is
concerned, but not for CF2Cl2 or CF2Br2 where bulky Br2
and Cl2 molecules must form.
B. CF B 2D
The AEs for producing CF B 2D from CF2H2, CF2Cl2,
and CF2Br2 are 12.560.3, 18.160.2, and 16.060.1 eV, re-
spectively @Figs. 5~a!, 9~a!, and 13~a!#. For CF2H2, we note
that there is emission at excitation energies below 12.5 eV,
but this probably arises from second-order radiation from the
primary monochromator. For each molecule there exists
three possible dissociation channels whose thermodynamic
energies are given in Table I. As with the CF2 fragment, we
observe considerable differences in the behavior of CF2H2
FIG. 12. Dispersed fluorescence spectra recorded at a resolution of 8 nm for
CF2Br2 photoexcited at ~a! 15.30 eV, ~b! 17.87 eV, and ~c! 22.63 eV.t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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olds for CF B-state production from CF2Cl2 and CF2Br2 are
higher than the thermodynamic energies of all possible dis-
sociation channels. On the basis of thermodynamics alone,
therefore, no conclusions regarding the dominant fragmenta-
tion pathway can be made. However, since the experimental
thresholds are quite close to the thermodynamic energies of
the highest-energy channel ~CF2X2→CF B 2D12X1F,! it
FIG. 13. ~a!–~b! Action spectra of CF2Br2 recorded at the BESSY1 syn-
chrotron source with a resolution of 0.3 nm for l25207 and 313 nm, re-
spectively. ~c!–~d! Fluorescence excitation spectra of CF2Br2 recorded at the
Daresbury source with a resolution of 0.1 nm. Optical filters ensured that
only radiation with ~c! l2.395 nm and ~d! l2.500 nm was detected.
TABLE VII. Summary of the emission bands identified following VUV
photoexcitation of CF2Br2.
Fragment
Appearance
energy/eV
E1
range/eV
l2
range/nm Assignment
CF2 A˜ 1B1 9.360.2 9.3–20.0 240–370 A˜ 1B1 – X˜ 1A1
CFBr A˜ 1A9 10.160.1 fl fl A˜ 1A9– X˜ 1A8
CBr2 A˜ 1B1 13.260.1 fl fl A˜ 1B1 – X˜ 1A1
Br2 D8 2 3Pg a >13.3 ;290 D8 2 3Pg – A8 2 3Pu
Br2*
a >13.3 ;353 D8 2 3Pg – 3Dub
CF B 2D 16.060.1 16.0–21.0 207 B 2D – X 2P
aAppearance energy between 11.1 and 13.3 eV.
bTentative assignment ~Ref. 63!.Downloaded 20 Feb 2001 to 147.188.104.4. Redistribution subjecseems likely that this is the dominant pathway. For CF2H2,
the experimental threshold is 12.560.3 eV, which is ex-
tremely close to the thermodynamic energy of the lowest-
energy channel ~CF2H2→CF B 2D1HF1H), 12.74 eV, in-
dicating that, at least for low-excitation energies, dissociation
to form these products must occur. To form the H–F bond,
the dissociation must proceed via a tightly constrained tran-
sition state. The situation is then very similar to that concern-
ing the production of CF2 A˜ 1B1 , where steric interaction in
the transition state was proposed to account for the anoma-
lous behavior of CF2H2 ~Sec. V A!. In CF2Cl2 and CF2Br2,
where F–Cl and F–Br bonds would have to form, steric
hindrance is much greater and presumably prevents dissocia-
tion from occurring along this pathway.
C. CH A 2D, CCl A 2D, CBr A 2D
The AE for producing CH A 2D from CF2H2 is 13.8
60.2 eV @Fig. 5~c!#. In Table I, the energies of the three
possible dissociation channels are given. For energies below
15.8 eV, dissociation can only proceed via the lowest-energy
channel ~CF2H2→CH A 2D1HF1F). The situation, there-
fore, is very similar to that involving the formation of CF
B 2D from CF2H2 ~Sec. V B!. Unfortunately, for reasons
given above, an action spectrum could not be measured for
the CCl A 2D state formed by dissociation of CF2Cl2. It is
known, however, from the dispersed emission spectra that
CCl A – X fluorescence is not observed below 15.5 eV. This
information is insufficiently precise to make any comments
on the likely dominant dissociation channel involving forma-
tion of CCl A 2D . CBr A 2D – X 2P fluorescence from
CF2Br2 is not observed. The fluorescence quantum yield of
the upper state, however, is less than unity due to
predissociation,60 thereby reducing the strength of the emis-
sion signal.
D. Cl2 and Br2 D82 3Pg
The formation of an excited fluorescing state of Cl2 and
Br2 is surprising because a Y–Y bond (Y5Cl, Br) must form
simultaneously with C–Y bond fission as CF2Y2* dissoci-
ates. Dissociation must, therefore, proceed via a tightly con-
strained transition state. Emission from the D82 3Pg ion-pair
TABLE VIII. Lifetimes of fragments produced following ~pre!dissociation
of CF2H2, CF2Cl2, and CF2Br2.
Molecule E1 /eV l2 /nm Emitter Lifetime/ns x2
CF2H2 13.05 283 CF2 A˜ 1B1 51.2603 2.04
CF2Cl2 13.05 273 CF2 A˜ 1B1 46.560.4 1.69
19.07 207 CF B 2D 18.960.2 1.06
19.07 240 CF A 2S1 20.060.2 1.32
19.07 278 CCl A 2D 21.660.6 4.56
19.07 256 Cl2 D8 2 3Pg 18.660.3 1.90
CF2Br2 11.07 283 CF2 A˜ 1B1 44.760.1 1.49
13.33 353a Br2* 22.660.3 2.17
18.23 207 CF B 2D 17.960.2 0.99
aWG305 filter placed at the exit slit of the secondary monochromator to
prevent CF2 A˜ -state emission being detected.t to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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Due to the similarity between the threshold energies for Cl2
D82 3Pg production and the thermodynamic energy of
Cl2*1CX1Cl, it was suggested that this was the preferred
dissociation pathway, at least in the range 14–17 eV.1 It is
more difficult to make such clear-cut comments in this
CF2Y2 study because of the difficulty of obtaining accurate
thresholds for Cl2* or Br2* production from action spectra.
For Cl2*, however, we can say that the threshold energy is
greater than 15.5 eV ~Table V!, and we note that this is very
close to the thermodynamic energy of Cl2 D82 3Pg
1CF1F, 15.56 eV. For Br2*, the threshold energy must lie
between 11.1 and 13.3 eV ~Fig. 11, Table VII!, and we note
that the thermodynamic energy of Br2* D82 3Pg1CF1F is
13.4 eV. It seems likely, therefore, that, as in CCl3X,1 Y2*
forms from CF2Y2* in association with ground-state CF1F,
involving the fission of three bonds and the formation of one
Y–Y bond. We should note the similarity between the equi-
librium bond length of the D82 3Pg ion-pair state of Cl2,
2.87 A,33a and the separation between the two Cl atoms in
CF2Cl2, 2.87 A.29 The zero change of bond length, via the
Franck–Condon principle, facilitates the production of this
excited electronic state of Cl2. There is also only a very
small change in bond length between the Br2 D82 3Pg ion-
pair state ~3.17 A! ~Ref. 33b! and the BrflBr distance in
ground-state CF2Br2 (3.21 A).61
We comment that while the assignment of the 255 and
290 nm bands to the ion pair to valence transition in Cl2 and
Br2 D82 3Pg2A82 3Pu is firmly established,33 there is still
no firm assignment of the band in Cl2 at 305 nm.62 The
lifetime of this band is comparable to that of the D82 3Pg
state ~;20 ns!,1 suggesting that the upper state of the 305 nm
band is indeed the D82 3Pg ion-pair state. The identity of the
lower state remains unclear. The 353 nm band in Br2 has
tentatively been assigned to emission from the D8 ion-pair
state, D82 3Pg23Du .63 We note that the lifetime of the up-
per state of the 353 nm band measured in this work, 22.6 ns
~Table VIII!, is very similar to that of the D82 3Pg ion-pair
state measured from the D8– A8 band at 290 nm.11,64
E. H* n˜6,5,4,3
The AE for this fragment, 19–21 eV, could only be de-
duced indirectly by comparing different dispersed fluores-
cence spectra. It seems likely that the identity of the domi-
nant dissociation channels should not be affected by the
Rydberg state (n53 – 6) in which the H atom is produced.
Hence, only the highest-energy n56 state is discussed, and
it is assumed that any conclusions drawn also apply to the
other states. In the 19–21 eV range, two dissociation chan-
nels have thermochemical thresholds, these being
CF2H2→H*(n56)1CF21H (20.41 eV) and CF2H2
→H*(n56)1HF1CF (19.85 eV). In addition, the thresh-
old for CF2H2→H*~n56!1CF2H lies at 17.71 eV. All other
channels involving H* (n56) have thresholds greater than
22 eV ~Table I!. H* (n53 – 6) must, therefore, be produced
via one or more of these three channels. However, the quality
of the data is insufficient to make further comment.Downloaded 20 Feb 2001 to 147.188.104.4. Redistribution subjecVI. CONCLUSIONS
A comprehensive study of the VUV fluorescence spec-
troscopy of CF2X2 (X5H, Cl, Br) has been presented. The
versatility of the synchrotron radiation source has enabled us
to employ a wide range of photoexcitation energies, and the
ability to disperse the induced fluorescence through a sec-
ondary monochromator has made it possible to determine the
nature of the emitters. In general, this detail of spectroscopic
information is not obtained in nondispersed fluorescence ex-
periments where, using optical filters, only limited informa-
tion on the range of wavelengths where the emissions occur
is determined.16
The main practical difficulty with the current experiment
was associated with second-order radiation from the second-
ary monochromator for l2.;400 nm. This problem has
since been solved by the use of cut-on filters mounted at the
exit slit of this monochromator. Like the CCl3X~X5F, H, Br!
series,1 all the emission bands are assigned to transitions in
neutral fragments formed by ~pre!dissociation of the Ryd-
berg states of the parent molecule. No emission from the
parent ion is observed. In fragmentations which require the
fission of at least two bonds, CF2Cl2 and CF2Br2 appear to
dissociate via the highest-energy fission-only pathways
which have low or zero barriers. It is unambiguously shown,
however, that CF2H2 dissociates to some degree via path-
ways with tightly constrained transition states and the forma-
tion of either a H–H or a H–F bond. This is presumably a
steric effect. A detailed analysis of all the dissociation chan-
nels was not possible because of the difficulties recording
action spectra for all the emitters. There was considerable
success, however, in assigning the Rydberg states involved
in the primary VUV excitation process, due to the measure-
ment of high-resolution absorption spectra. In hindsight, we
conclude that such an approach would have benefited our
earlier study on CCl3X.1
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